Abstract. Entropy measures of RR interval variability during daily activity over a 24 h period were compared in 30 patients with a positive head-up tilt (HUT) test and 30 patients with a negative HUT test who had a history of alleged neurocardiogenic syncope. Two different entropies, approximate entropy (ApEn) and entropy of symbolic dynamics (SymEn), were employed. In patients showing a positive HUT test, the entropies were significantly decreased when compared with the patients with a negative HUT test. In addition, SymEn in the patients with a negative HUT test was significantly lower than in the normal controls. Discriminant analysis using SymEn could correctly identify 89.3% (520/582) of the 1 h RR interval data of the patients with a positive HUT test regardless of the time of day. Baseline entropies of heart rate dynamics during daily activity were found to be significantly lower in patients with alleged neurocardiogenic syncope and a positive HUT test than in those with the same history but with a negative HUT test. The decreased entropy of symbolic heart rate dynamics may be of predictive value of a positive HUT test in patients with alleged neurocardiogenic syncope.
Introduction
In patients with recurrent unexplained syncope, the head-up tilt test (HUT) is frequently employed to diagnose neurocardiogenic syncope (Abi-Samra et al 1988 , Almquist et al 1989 , Morillo et al 1997 , Jardine et al 1998 , Lipsitz et al 1998 . Although a significant number of the patients showed a positive response during the HUT, others did not , Sutton and Peterson 1995 , Morillo et al 1997 , Lipsitz et al 1998 . Therefore, the heart rate dynamics of patients with a positive HUT test may be different from those with a negative HUT test. According to previous studies, the heart rate dynamics and autonomic activity in patients with a positive HUT test were abnormal or different during the HUT when compared with patients with a negative HUT test (Grimm et al 1998 , Morillo et al 1997 , Prinz-Zaiss et al 1997 , Furlan et al 1998 , Kochiadakis et al 1998 , Lipsitz et al 1998 , Kouakam et al 1999 . However, it was not clearly defined whether the heart rate dynamics during daily activity were different in the patients with negative and positive HUT tests (Kochiadakis et al 1997 , Furlan et al 1998 , Lagi et al 1999 . As a result, little effort was made to find a predictor of a positive HUT result using the variability in heart rate during daily activity in the patients having a history of alleged neurocardiogenic syncope.
The present study aims to determine whether two entropies of nonlinear heart rate dynamics during daily activity are different in the patients with alleged neurocardiogenic syncope who show positive HUT results and the patients who show negative HUT test results. One was entropy of a simplified dynamic system based on a sequence of symbols (SymEn) (Palazzolo et al 1998) and the other was approximate entropy (ApEn) (Pincus and Goldberger 1994 , Vikman et al 1999 which is frequently used in the quantification of complexity. Another aim was to investigate whether the entropies have the potential to be predictors of HUT response.
Materials and methods

Subjects
Thirty patients with a history of alleged neurocardiogenic syncopal episodes during the previous 3 months and a positive HUT test (positive HUT group: 17 men, 13 women, 38.1 ± 2.2 years) age-matched with 30 patients with the same history and a negative HUT test (negative HUT group: 18 men, 12 women, 39.2 ± 3.8 years) comprised the patient population. Thirty age-matched healthy normal persons (control group: 15 men, 15 women, 37.9 ± 3.2 years) were also included as the control group. Syncope was defined as a transient and sudden loss of consciousness with prompt spontaneous recovery. Neurocardiogenic syncope was suspected based on clinical history, a clinical examination, an electrocardiogram, a chest x-ray, echocardiography, 24 h ambulatory ECG (Holter) monitoring or a complete neurological examination. After a full examination, the HUT test was performed to diagnose neurocardiogenic syncope in the patient population.
HUT test
The HUT test was performed with each patient in a fasting state after obtaining informed consent. The patient remained in a supine position for 20 min. After the supine heart rate and blood pressure were obtained, the patient was tilted to an angle of 70
• for 30 min using a motorized table with a footboard. If the test was negative at the baseline for 30 min, isoproterenol was intravenously administered while maintaining a 70
• angle of tilt. Intravenous isoproterenol infusion was started at 1 µg min −1 and then increased by 1 µg min −1 every 3 min to a maximum of 5 µg min −1 . Throughout the test, the heart rate was monitored and the blood pressure was recorded every 2 min at the baseline and every minute during isoproterenol infusion using an inflatable cuff device with a Vital Sign Monitor 8100 (Critikon Dinamap™, USA). The end points of the test were positive response, intolerance of isoproterenol, heart rate greater than 150 beats/min and completion of the test. When an end point was reached, the patient was rapidly lowered to the horizontal position. A positive response to the HUT test, alone or in conjunction with an infusion of isoproterenol, was defined as one in which syncope or presyncope was reproduced, accompanied by hypotension (<80 mm Hg) or sinus arrest (>3 s) or bradycardia (<45 min −1 at the baseline, <60 min −1 during isoproterenol infusion) or both. And positive responses were classified into vasodepressive, cardioinhibitory and mixed type.
Processing of 24 h ambulatory ECG data
Using a Marquette tape recorder (model no 9428-007), an analogue 24 h Holter electrocardiogram was acquired. In the patient group, the recordings were performed 1-3 days before the HUT test during daily activity. The tape was replayed 460 times faster than usual and its analogue signal (−5 to +5 V) was simultaneously digitized with an analogue-to-digital converter (DT 3001, USA) at 230 kHz and with 12-bit resolution that is sufficient for the detection of R peaks in electrocardiography (Lombardi et al 1992 , Furlan et al 1990 . The digitized data were partitioned into sections of 60 min. All segmented data were reviewed by visual inspection. In the case of a signal loss and significant noise, and in the presence of atrial or ventricular extrasystole(s), the segment was discarded. RR intervals were measured and tested for the presence of outliers (heart rate <30 or >200 beats/min), and any found were removed. All RR interval data were 1000 Hz linearly interpolated by their RR interval to construct a real-time series of RR intervals, and were then resampled at 2 Hz. The first 5400 points (5400 ÷ 2 ÷ 60 = 45 min) were used for calculating heart rate variability measures at 1 h intervals (figure 1, upper part).
Time-and frequency-domain analysis
Standard deviation (SDNN) was calculated by the root of variance of each segment. The rootmean square of successive RR interval differences (RMSSD) and the proportion of adjacent RR intervals with a difference greater than 50 ms (PNN50) were calculated. The power spectral analysis was estimated using fast Fourier transform methods. The RR interval data are divided into sections of 512 data point sections (512 ÷ 2 ÷ 60 = 4.26 min) and each section was 1 Hz low-pass filtered. After being detrended, they were fast Fourier transformed and averaged to form a power spectral density function. We calculated low-and high-frequency power by integrating the power spectral density curve in the 0.04-0.15 Hz and 0.15-0.4 Hz ranges respectively. Each power was normalized by low total power to yield normalized lowfrequency power (NLFP) and normalized high-frequency power (NHFP) respectively. The normalized powers over the low-and high-frequency range were widely known to reflect cardiac sympathetic and parasympathetic activity respectively (Lombardi et al 1992 , Huikuri et al 1994 . Alteration in cardiac autonomic nervous activity is also known to be one of the most prominent pathologies in patients with neurocardiogenic syncope. Therefore, the employment of the powers over the frequency ranges may be helpful in differentiating between the patients with neurocardiogenic syncope with or without HUT test and healthy controls.
Nonlinear analysis
2.5.1. ApEn. The method for computing approximate entropy, ApEn(m, r, N), has been published elsewhere and will be described briefly (Pincus 1992 , Pincus and Goldberger 1994 , Vikman et al 1999 .
In order to compute ApEn(m, r, N ), three input parameters should be fixed (m, the length of compared runs; r, the effective filter; N , the length of data points). Let each RR interval data set be represented as x(i):
From 
was defined, and then the approximate entropy ApEn(m, r, N ) (r) ]. This last parenthetical expression is readily seen to be the conditional probability indicated in equation (1). For this study, N = 5400 points and the two parameters of standard deviation of each data set were m = 2 and r = 20%. ApEn was the negative of the average logarithmic conditional probability, i.e. (Pincus and Goldberger 1994 , Palazzolo et al 1998 , Vikman et al 1999 . The RR interval dynamics are reconstructed in phase space with successive RR intervals with a fixed delay (τ = 1). The phase plane is divided into six sections defined by ±1 standard deviation and ±2 standard deviations. Each region of the divided phase space is given a symbol, creating six (1-6) possible symbols (figure 2, upper part). The order in which the regions are visited by the evolving dynamics creates symbol sequences such as 313312423 . . . 421333321. The symbol sequences are then divided into word sequences with a length of three symbols (313, 312, 423, . . . , 421, 333, 321) . Then, the heart rate dynamics were reconstructed by dynamics symbolic words (figure 2, middle part). The frequency of occurrence for each word is counted and a histogram is generated (figure 2, lower part). The Shannon entropy (SymEn) is then calculated from this histogram. If a word occurs with a probability of <0.001, it is considered a 'forbidden word'. The number of forbidden words (ForbNo) is counted for a word sequence.
Symbolic dynamics
Statistics
All linear and nonlinear indices were examined for normality by the Shapiro test. Since they were significantly skewed, the Kruskal-Wallis test was used to assess significant differences in each linear and nonlinear parameter among the negative HUT group, the positive HUT group and the control group, with the Mann-Whitney rank-sum test to compare any significant HUT, head-up tilt; N , number of subjects. differences identified. To find the best discriminator between each group among all the variables, we used stepwise discriminant analysis (SAS, procedure stepdisc). The variable that produces the largest F value is the best discriminating variable selected, provided F is statistically significant. Finally, to test how correctly the variable can discriminate each group, we used discriminant analysis (SAS, procedure disc). All analyses were performed using an alpha level of 0.05 as the criterion for statistical significance. Although we used the nonparametric test, all data were presented as mean ±1 SD to show differences in the mean values between the three groups.
Results
There were 612, 582, and 626 complete 1 h segments of electrocardiography in the control group, the negative HUT group and the positive HUT group respectively. Results of the clinical characteristics are summarized in table 1. The age, sex and number of syncopes before the HUT test were not significantly different between the negative HUT group and the positive HUT group. In the positive HUT group, there were 14 patients of vasodepressive type and 16 patients of mixed type.
The heart rate variability indices of each group and their statistical significance are summarized in table 2. When compared with the negative HUT group and the control group, the positive HUT group showed significantly lower ApEn and SymEn, and significantly higher ForbNo. They also showed significantly lower RMSSD, PNN50 and normalized highfrequency power, and significantly lower normalized low-frequency power than those in the negative HUT group and the control group. There were no significant differences between the temporal and spectral measures and ApEn of the negative HUT group and those of the control. However, SymEn and ForbNo still showed significant differences between the two groups.
Since SymEn showed the most discriminative power as seen in F value in table 2, we performed discriminant analysis between the positive HUT group and the negative HUT group using the index. Although the 1 h segment RR interval data of the negative HUT group could not be identified correctly (44.1%), 89.3% of the positive HUT group was correctly identified (table 3) .
The RR interval time series recorded in a representative patient in the positive HUT group (figure 1, upper right) looks less complex than that of a representative patient in the negative HUT group ( figure 1, upper left) . The decreased complexity in the patient from the positive HUT group was further confirmed by increased conditional probabilities (figure 1, lower left) and the resulting lower ApEn compared with that of the patient of the negative HUT group (0.761 versus 1.665). Furthermore, the decreased complexity becomes more evident on examining the phase portrait, time series and the histogram of the symbolic words. The phase portrait of the patient in the positive HUT group (figure 2, upper right) shows that the symbol regions beyond those immediately adjacent to the diagonal (regions 1, 2, 5, and 6) contain almost none of the RR interval dynamics. The corresponding time series of the symbolic words and the histogram (figure 2, middle right, and lower right respectively) show that most of the 216 possible symbolic words are forbidden. The only words that occur are (444), (333), (433), (344), (244), (363), (464), (634). The dramatic decreased complexity of the symbolic dynamics in the patient from the positive HUT group was quantitatively confirmed by the significantly reduced SymEn (2.64 versus 4.84) and increased ForbNo (208 versus 150) compared with those in the patient of the negative HUT group.
Discussion
Our main findings were that the baseline SymEn and ApEn of RR interval dynamics over a 24 h period during daily activity were significantly reduced in the positive HUT group compared with those in the negative HUT group and the control group. Moreover, SymEn and ForbNo in the negative HUT group were significantly lower and higher, respectively, than those of the control group. When the all 1 h RR interval data of the patients with alleged neurocardiogenic syncope were evaluated with the SymEn before the HUT test and at any time during daily activity, about 90% of the data were correctly identified as those of patients with positive HUT results. However, the present study failed to identify the data of patients with negative HUT results.
This study was the first to demonstrate the possibility that the positive response to the HUT test among the patients with alleged neurocardiogenic syncope might be predicted by entropy of symbolic dynamics of the RR interval during daily activity. There have been few previous studies investigating the predictor of HUT positivity. Sustained increase in heart rate and impaired (Voss et al 1996) or absent vagal baroreceptor response at arterial pressure below baseline levels during early stage of the HUT test (Mallat et al 1997) were reported as predictors of syncopal attack. However, since these indices were obtained only during the HUT test or experimental conditions similar to the test they cannot be the predictors of HUT test positivity in a strict sense. Since SymEn was measured during daily activity before the HUT test, it can be regarded as a true predictor.
The positive response to the HUT test in a patient with alleged neurocardiogenic syncope reflects the recurrence of syncopal attack during orthostatic stress. Therefore, SymEn may be used to determine the risk of recurrence of syncope without the aid of the tedious HUT test in a patient with alleged neurocardiogenic syncope. However, we did not prospectively test the prediction in another population, which should also be required in future research.
The association of the decrease in SymEn and ApEn, and the increase in ForbNo during daily activity in the patients with a positive HUT test is a new but expected finding. The indices all reflect the complexity of heart rate dynamics (Pincus and Goldberger 1994 , Voss et al 1996 , Vikman et al 1999 and, thereby, the heart rate regulating system (Elbert et al 1994, Pincus and Goldberger 1994) .
Theoretically, the complex system shows a pliable response to haemodynamic stress and maintains its integrity. In contrast, the less complex system cannot respond flexibly to the stress and may degenerate to an extreme. Therefore, theoretically, we expected that the patients with lower complexity (decreased SymEn and ApEn, and increased ForbNo) would probably show syncopal attack during orthostatic stress, i.e. a positive HUT test.
The decrease in PNN50, RMSSD and NHFP in the positive HUT group, compared with the negative HUT group and the control group, shows that reduced baseline cardiac vagal activity during daily activity may be associated with the occurrence of syncopal attack during orthostatic stress. These findings are in agreement with those of Stewart et al (1996) and Lagi et al (1999) who reported the decreased high-frequency component immediately before the HUT test. However, our findings are not in agreement with the studies of Kochiadakis et al (1997 Kochiadakis et al ( , 1998 which showed no significant decrease in the time and spectral measures under baseline condition over a 24 h period and just before the HUT test. Moreover, Abi-Samra et al (1988) reported increased heart rate variability in subjects from the positive HUT group. These conflicting results strongly suggest the limitation of temporal and spectral measures of heart rate variability in differentiating and predicting the positive HUT group. Therefore, the application of other indices of heart rate variability, such as entropy measures, should be considered in the management of patients with alleged neurocardiogenic syncope. The usefulness of the entropies, especially of SymEn, is more evident from the fact that they could be used to differentiate not only between the positive HUT group and the negative HUT group, but also between the negative HUT group and the control group.
There was a limitation of the present study. To estimate the power spectra, we used fast Fourier transform methods. However, this is not appropriate when the heart rate time series is non-stationary. Although we applied a linear detrend, some segments of the heart rate time series in the present study may be non-stationary, resulting in inaccurate estimation of the power spectra. The inferiority of the spectral measures to the entropy measures in differentiating the patients with a positive HUT test from those with a negative HUT test may be due to the non-stationarity problem. Further work using time-frequency algorithms such as the Wigner-Ville distribution (Lin et al 1999) or wavelet transformation (Hilton et al 1999) which can overcome this problem should be done.
Conclusion
In conclusion, we found that in patients with alleged neurocardiogenic syncope and a positive HUT test result, the baseline entropies of RR interval dynamics during daily activity were significantly lower than in patients with the same history but with a negative HUT test result. The entropy from the symbolic RR interval dynamics may be of predictive value of the positive HUT test in the patients with alleged neurocardiogenic syncope.
